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PREFACE 


An  extremely  dexterous  robotic  hand  manipulator  has  been  built  by  the  University  of  Utah 
and  is  called  the  UTAH/MIT  Dexterous  Hand.  This  device  was  located  in  Building  441  of 
AL/CFBA  and  was  the  subject  of  several  investigations  related  to  the  use  of  robotic 
manipulators  in  applications  involving  hazardous  environments. 

The  UTAH/MIT  Dexterous  Hand  was  constructed  in  such  a  manner  as  to  emulate  human 
hand  motion.  It  has  tendon  actuators  which  mimic  those  which  appear  in  humans.  Also 
analogous  to  a  human  system,  the  power  that  actuates  the  hand  motion  is  produced  at  a 
remote  location,  distal  from  the  actual  hand.  This  centralization  of  the  actuator  power  source 
is  termed  the  "remotizer"  and  produces  forces  using  a  pneumatic  system. 

The  Dexterous  Hand,  itself,  consists  of  four  fingers,  each  of  which  has  three  links.  This 
design  also  has  similarities  to  the  human  motor  system.  When  dynamic  tests  were  conducted 
at  the  Armstrong  Laboratory  on  this  robotic  manipulator,  coupling  between  the  links  was 
observed  to  occur  when  the  lower  joint  (most  proximal)  was  actuated  by  a  sine  wave  signal. 
This  inertial  and  friction  coupling  compromise  performance  of  this  device.  This  is  true 
because  if  only  one  link  was  to  be  moved,  the  other  two  links  would  displace,  thus 
precluding  motion  in  only  one  link.  This  research  effort  focused  on  methods  of  designing  a 
controller  that  would  add  input  commands  into  the  more  distal  joints,  thus  reducing  the 
induced  coupling  that  would  occur.  Consequently  the  Dexterous  Hand  could  then  be 
controlled  for  tasks  requiring  precise  movement  because  more  accurate  positioning  would 
then  be  obtained,  independently,  of  each  link. 
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INTRODUCTION  -  AN  AIR  FORCE  NEED 


The  Air  Force  has  a  need  to  maintain  force  survivability  and  base  operability  during  wartime 
scenarios  in  chemical,  biological,  and  radiological  environments.  Therefore,  it  is  important 
to  project  human  intelligence,  perceptual  capabilities,  and  motor  skills  into  hostile 
environments  using  human  driven  robotic  systems,  thereby  removing  the  human  from  the 
hazardous  environment.  Research  needs  to  be  accomplished  on  the  feasibility  of  employing 
remote  human-in-the-loop  control  of  mobile  dexterous  robots  to  perform  tasla  such  as 
aircraft  inspection  and  servicing,  explosive  ordnance  disposal,  and  environmental  monitoring 
and  decontamination.  One  such  concept  [1],  termed,  "robotic  telepresence"  projects  human 
judgment,  dexterity,  and  adaptability  in  real  time  into  a  lethal  environment.  The  goal  is  to 
attach  known  robot  manipulation  systems  in  concatenation  such  that  they  may  help  augment 
the  human’s  function  in  environments  which  may  be  hazardous.  We  discuss  two  such 
manipulation  systems  that  may  be  used,  in  a  synergistic  manner  with  each  other,  to  help 
increase  the  human’s  capability.  The  first  system  is  the  Merlin  6500  manipulator  (Figures  1 
&  2).  This  system  is  very  similar  to  a  Puma  560  robot  commonly  used  in  industry 
applications  and  can  be  considered  very  useful  for  the  "gross  motion  control"  aspect  of 
manipulator  movement.  The  second  system  utilized  is  the  UTAH/MIT  [2]  Dexterous  Hand 
(Figures  3-5).  This  second  system  is  considered  for  the  "fine  motion  control"  problem.  The 
key  to  success  is  to  integrate  these  systems  together  to  have  both  the  benefits  of  gross  and 
fine  motion  control.  The  desired  scenario  is  to  have  the  Merlin  6500  manipulator  system 
secure  and  move  the  UTAH/MIT  device.  The  UTAH/MIT  device  would  perform  the  fine 
motion  actions,  and  the  Merlin  6500  would  perform  all  necessary  gross  motions.  We  now 
describe,  in  greater  detail,  these  two  separate  manipulator  systems. 


Figure  1.  The  Merlin  6500  Manipulator  Frame  Assignments  -  Side  View 
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Figure  3.  The  Utah/MIT  Dexterous  Hands  -  Plan  View 
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The  Merlin  6500  System 


The  Merlin  6500  System  (Figures  1  &  2)  is  designed  to  emulate  anthropomorphic  motions 
made  by  humans.  It  is  a  six  degree  of  freedom  robotic  manipulator.  The  first  three  degrees 
of  freedom  consist  of  position  variables  and  emulate  human  waist  motion,  human  shoulder 
motion,  and  elbow  motion.  The  last  three  degrees  of  freedom  are  basically  orientation 
variables  and  describe  pitch,  yaw,  and  roll  properties  of  the  end  effector  at  the  wrist.  Even 
with  these  six  degrees  of  freedom,  they  all  fall  into  the  category  of  "gross  motion  control. " 
There  is  little  opportunity  to  perform  fine  manipulation  tasks  with  this  device.  Each  joint  is 
actuated  by  a  DC  stepper,  torque  motor  which  uses  as  position  feedback,  optical  encoders. 
Since  each  joint  is  configured  as  a  position  control  system,  it  has  little  opportunity  to  perform 
very  fine  motor  control.  The  task  of  the  fine  manipulation,  however,  can  be  realized  with 
the  UTAH/MIT  Dexterous  Hand. 


The  UTAH/MIT  Dexterous  Hand  Manipulator 

The  UTAH/MIT  Dexterous  Hand  Manipulator  [2]  was  developed  from  the  need  to  perform 
research  for  comprehensive  assembly  tasks  which  require  refined  manipulation  capability. 

By  having  a  total  of  16  degrees  of  freedom  (defined  within  the  context  of  robotic  systems)  at 
the  end  effector,  one  can  focus  this  device  on  the  "fine  motion  control"  problem.  It  has 
applicability  for  both  tactile  sensing  and  dexterous  manipulation.  Since  the  power  and  force 
delivered  to  the  end  effector  are  actuated  at  a  remote  location  (termed  the  "remotizer"),  the 
weight  of  the  actuators  and  other  related  problems  are  physically  removed  from  the  end 
effector,  thus  promoting  its  utility  for  the  fine  manipulation  tasks. 

The  final  objective  of  this  type  of  research  to  satisfy  Air  Force  needs  would  require  the 
integration  of  these  two  systems.  This  integration  is  kinematically  complex,  especially  in 
light  of  the  fact  that  both  these  systems  would  partake  as  a  major  component  of  a  remote 
teleoperation  system.  The  first  step  necessary  in  getting  these  systems  to  work  in  concert  is 
to  obtain  a  complete  description  of  the  kinematics  and  dynamics  of  operation,  individually, 
and  then  consider  their  interaction  as  a  unit.  It  is,  therefore,  worthwhile  to  investigate 
individual  operation  of  each  manipulator  system. 

Kinematics  and  Dynamics  (K&D)  Properties 

Starting  first  with  the  "gross  motion  control  problem,"  the  Merlin  6500  System  is  studied  to 
investigate  how  it  can  best  be  controlled. 


Kinematics  and  Dynamics  of  The  Merlin  6500  System 

As  mentioned  previously,  the  Merlin  6500  robotic  system  performs  very  similarly  to  both 
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human  motion  and  also  the  Puma  560  robot  which  is  commonly  used  in  industry  for  pick  and 
place  operations.  The  forward  and  inverse  kinematics  of  this  device  are  so  well-known  that 
they  are  commonly  used  as  classroom  examples  for  undergraduate  level  courses  in  robotics 
[3,4].  It  will  not  be  the  purpose  here  to  describe  these  details.  They  are  easily  found  in  a 
number  of  well  known  textbooks.  The  kinematic  and  dynamic  properties  of  the  UTAH/MIT 
Hand  Manipulator,  however,  are  more  difficult  processes  to  describe. 


Kinematics  and  Dynamics  of  The  UTAH/MIT  Hand  Manipulator 

When  viewed  within  the  context  of  a  robotic  system,  this  manipulator  is  considered  to  have 
16  degrees  of  freedom  (four  joints  with  four  degrees  of  fi'eedom  each).  Hence,  there  are 
multiple  solutions  to  both  the  forward  and  inverse  kinematics  problem  for  this  device.  An 
extended  discussion  was  contained  in  [1]  relation  to  the  kinematics  problem.  This  technical 
report  will  address  some  of  the  dynamics  problems  associated  with  this  device. 


Static  and  Dynamic  Testing  of  the  UTAH/MIT  Hand 

After  the  UTAH/MIT  Dexterous  Hand  arrived  at  the  Armstrong  Laboratory,  it  was  desired 
to  first  perform  several  tests  on  the  device  to  better  understand  its  static  and  dynamic 
characteristics.  A  two-part  testing  procedure  was  conducted.  The  first  part  consisted  of 
static  measurements  [5]  to  check  linearity  and  other  properties  of  interest.  After  the  static 
tests  were  conducted,  dynamic  tests  [6]  were  then  initiated  to  observe  the  use  of  this 
manipulator  system  in  a  changing  motion  environment.  The  first  static  test  involved  a 
calibration.  The  purpose  of  this  initial  examination  was  to  inspect  the  device’s  inherent 
linearity  in  a  static  sense  as  an  important  property  to  understand  before  any  dynamic 
measurements  are  taken. 


Part  I  -  Static  Calibration 


On  15  October  1987,  a  preliminary  static  calibration  was  conducted  with  the  UTAH/MIT 
Dexterous  Hand.  Using  the  right  hand,  the  first  index  finger  and  third  joint  (finger  tip)  were 
involved  in  a  flexor  test.  Force  inputs  were  applied  to  a  tendon  and  the  finger  tip  was 
constrained  to  not  move.  The  following  hypotheses  were  tested: 

(1)  Linearity:  With  the  remotizer  actuated  and  the  elbow  at  a  180  degree  angle,  a  force 
input  was  appli^  to  a  tendon.  The  Hall  Effect  sensor  at  the  base  of  the  Dexterous  Hand 
measured  the  voltage  felt  at  this  point.  The  force  input  applied  changed  from  0  to  20  pounds 
and  the  linearity  of  this  plot  was  the  data  of  interest  to  be  checked. 

(2)  Hysteresis:  The  force  input  in  the  linearity  test  in  section  (1)  was  thoi  reduced  from 
20  pounds  to  zero  pounds.  If  this  curve  did  not  retrace  the  prior  curve,  then  a  hysteresis 
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effect  was  noted  to  occur  (much  like  human  muscle)  due  to  the  fact  that  the  tendon  changes 
its  characteristics  after  being  stressed. 

(3)  Sections  (1)  and  (2)  were  then  repeated  when  the  elbow  joint  was  at  a  90  degree 
angle  as  compared  to  the  original  180  degree  angle  originally  chosen. 

Results  of  The  Calibration:  Figure  6  illustrates  the  hysteresis  curve  observed  with  the  elbow 
joint  in  the  180  degree  position.  Figure  7  is  the  same  plot  for  the  90  elbow  position. 
Linearity  was  determined  by  how  well  the  plots  in  Figures  6  &  7  follow  a  straight  line  of 
force  input  versus  measured  Hall  Effect  Sensor  voltage  produced  as  an  ouq)ut.  The 
hysteresis  was  determined  by  the  lack  of  repeatability  of  the  curve  in  returning  to  the 
equilibrium  point  (0  pounds  force,  0  volts)  from  the  initial  point  (20  pounds  of  force). 

In  summary: 

(a)  The  force  sensors  are  linear  but  exhibit  a  worst  case  of  10%  hysteresis  due  to  tendon 
stretching. 

(b)  The  orientation  of  the  elbow  does  not  seem  to  affect  either  the  linearity  or  the 
hysteresis. 

Knowing  that  a  hysteresis  nonlinearity  exists,  dynamic  measurements  were  still  conducted. 

The  Remotizer  in  180  Degree  Orientation 


Start  at  Zero  a  Retracking  to  zero 


Figure  6.  The  Hysteresis  Curve  -  Elbow  Joint  =  180  Degrees 


The  Remotizer  in  90  Degree  Orientation 


^  Start  at  Zero  a  Retracking  to  zero 


Figure  7.  The  Hysteresis  Curve  -  Elbow  Joint  =  90  Degrees 


Part  n  -  Dynamic  Describing  Function  Measurements 

Even  though  the  system  in  Part  I  is  known  to  have  hysteresis,  it  was  desired  to  perform  some 
describing  function  tests  to  get  approximations  for  the  transfer  function  characteristics  of  this 
device,  for  small  sinusoidal  disturbances.  A  describing  function  is  a  linear  depiction  of  the 
input-output  characteristics  of  the  device  in  question  about  some  operating  point.  The 
sinusoidal  inputs  must  be  small  in  amplitude  to  get  approximations  of  transfer  function 
characteristics.  Since  the  system  is  known  to  be  nonlinear,  the  resulting  transfer  function 
approximations  are  still  useful  to  obtain.  These  characteristics,  however,  may  be  dependent 
(and  change)  with  the  amplitude  of  the  input  forcing  function.  Therefore,  the  following  tests 
were  conducted: 

(1)  At  the  following  frequencies  (0.2,  0.5,  3,  4,  5,  6,  7,  8,  9,  10,  11,  12,  15,  17,  19, 

20,  25,  30,  and  35  Hz)  for  one  fixed  amplitude  input  (+  7  volts  peak  to  peak)  voltage  was 
applied  to  the  control  board  of  the  remotizer  for  the  joints  described  in  Table  I.  The  outputs 
observed  are  also  detailed  in  Table  I. 
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Table  I.  Input-Output  Measurements 


Input  Applied  To: 
Joint  1,  only 
Joint  2,  only 
Joint  3,  only 


Output  Measured  At: 
Joints  1,  2,  and  3 
Joints  1,  2,  and  3 
Joints  1,  2,  and  3 


Data  were  also  collected  with  step  function  inputs  to  the  joints  described  in  the  left  most 
column  of  Table  1.  Table  n  describes  the  transfer  function  matrices  obtained  from  these 
tests: 


Table  n.  Transfer  Function  Matrices 


Input  Applied 


To  Joint  Number 


Joint  1 

I 


Joint  2 


Joint  3 


Joint  1  Joint  2  Joint  3 


1 

(1  +  s/(6*2  Pi)) 2 

0 

0 

Wn^ 

1 

0 

+  2  Z  Wn  s  +  Wn^ 
Z=  0.1,  Wn=  13  Pi 

(1+  s/(16*Pi))2 

Wn^ 

(.06) (1+s/Pi) 

1 

+  2  Z  Wn  s  +  Wn^ 
Z=  0.08,  Wn=  14  Pi 

(l+s/6  Pi)(l+s/(20  Pi))^ 

(l+s/(14  Pi))2 

Thus,  from  Table  n  it  is  seen  that  inputs  applied  to  the  lower  joints  always  induce  a  coupling 
at  the  high^  joints.  Conversely,  if  inputs  are  applied  to  the  higher  joints,  the  lower  joints 
may  not  experience  the  coupling  effects.  Figure  8  illustrates  how  this  physical  movement  is 
transferred  up  the  joints  but  not  necessarily  down  the  joints.  To  dq)ict  some  of  the  relative 
transfer  functions  obtained  from  this  effort,  plots  were  made  of  the  transfer  functions  of  joint 
1  when  the  input  was  applied  at  joint  1  in  Figure  9.  Figure  10  displays  the  coupling  effects 
with  the  output  response  of  joint  2  when  only  an  input  is  applied  to  joint  1.  From  Figure  10, 
it  is  seen  that  the  coupling  is  extensive  and  needs  to  be  significantly  diminished  before  using 
the  UTAH/MIT  Dexterous  Hand  for  a  fine  manipulation  task. 
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Figure  8.  The  Details  of  Tendon  Routing 
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Figure  9.  Transfer  Function  (TF)  of  Joint  1  -  Input  on  Joint  1 
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Figure  10.  Coupled  TF  of  Joint  2  -  Input  on  Joint  1 
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Controller  Solution  to  the  Coupling  Problem 

Motivated  by  the  laboratory  tests  conducted  at  AL/CFBA  described  previously,  it  was 
realized  than  an  important  problem  that  needs  to  be  addressed  is  to  develop  methods  of 
reducing  coupling  in  the  higher  number  joints  when  input  commands  were  applied  to  the 
lower  joints.  At  Wright  State  University,  a  Master’s  thesis  in  Electrical  Engineering  [1]  was 
performed  to  address  this  problem.  The  results  reported  in  the  thesis  were  based  on 
computer  simulation  only  and  no  additional  empirical  data  were  collected  from  the 
UTAH/MIT  Dexterous  Hand. 

A  better  understanding  of  the  coupling  problem  can  be  obtained  by  observing  Figures  11  & 

12  from  [7].  In  Figure  11,  the  two  tendons  for  each  joint  are  actually  in  tension.  The 
hysteresis  effects  noted  previously  in  the  Part  I  testing  at  the  Armstrong  Laboratory  may  be 
due  to  slightly  different  characteristics  in  the  antagonist-agonist  pair  of  actuators  in  Figure 
11.  This  hysteresis  could  also  be  a  consequence  of  a  dead  zone  characteristic  in  the  material 
used  for  the  tendon  (high  strength  polymeric  material).  It  is  noted  that  the  mechanical 
configuration  in  Figure  11  with  the  pulley,  allows  for  both  high  strength  and  low  ftiction 
operation. 

The  impact  of  the  coupling  on  dynamic  response  can  easily  be  seen  when  one  views  a 
bandwidth  plot  (gain  versus  frequency  where  gain  refers  to  the  ratio  of  an  output  variable 
such  as  joint  response  to  an  input  command  consisting  of  a  sine  wave)  for  the  three  joints. 

In  Figure  12  it  is  observed  that  coupling  causes  a  severe  degradation  in  the  response  of  joint 


From  [  1  operated  by  two  tendons  which  are 

tensioned  by  actuators  consisting  of  low  stiction  cylinders  and 
pressure  controlling  valves. 

Figure  11.  Pneumatic  Actuation  System 
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JOINT  2  ---- 
JOINT  3  - 


C"  ^ 


From  [7]  Q^in  plot  for  an  individual  finger  executing 
forward  running  motion  * 


a 


Figure  12,  Bandwidth  Response  of  the  Three  Joints 


1  at  or  about  10  Hz.  This  is  also  consistent  with  the  data  obtained  at  AL/CFBS  in  Figure  10 
where  the  coupling  transfer  function  has  a  resonance  at  approximately  10  Hz.  Thus,  for  both 
positioning  and  bandwidth  improvement,  a  controller  needs  to  be  designed  to  compensate  for 
this  coupling. 


Controller  Design  to  Mitigate  Coupling  Effects 

The  design  of  a  controller  follows  straight  forwardly  once  the  equations  of  motion  of  the 
device  in  question  are  derived.  In  [1]  the  approach  was  as  follows: 

(1)  Knowing  the  Denavitt-Hartenburg  transformation  matrix  describing  the  forward 
kinematic  properties  of  this  manipulator  system,  one  could  calculate  the  response  of  joints  2 
and  3  when  an  input  is  applied  only  to  joint  1.  This  can  be  written  in  vector  form: 

e  =  g(  f(t),  et(t),  .a(t))  (1) 

where  f(t)  is  the  input  forcing  function  into  joint  1,  ©i(t)  describes  the  position  response  of 
joint  1,  and  the  2x1  dimensional  vector  ^  describing  the  position  responses  of  joints  2  and  3 
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to  these  variables.  If  one  now  applied  the  negative  of  the  signal  in  equation  (1)  to  the 
respective  joints,  then  the  resulting  signal  at  that  joint  should  exhibit  a  value  close  to  zero. 
This  is  actually  equivalent  to  feeding  back  a  position  error  signal  where  the  reference  input  is 
zero  describing  the  desired  equilibrium  point  we  wish  to  reach  for  this  controller  augmented 
system  for  the  coupling  problem  considered  herein. 


Efficacy  of  the  Controller  Solution 

The  overall  system  was  simulated  with  and  without  controller  design  using  the  Matrix  x 
Control  System  package.  The  first  joint  was  excited  with  a  sinusoidal  signal  and  the  second 
and  third  joints  exhibited  responses  as  depicted  by  the  transfer  function  matrix  in  Table  H. 
When  the  negative  error  signal  was  added  to  the  joint  commands  (as  indicated  in  equation 
(1),  the  coupling  effects  were  reduced  over  90%  [1].  Thus,  the  efficacy  of  this  procedure 
was  demonstrated.  These  results  are  reported  in  [1]. 


SUMMARY  AND  CONCLUSIONS 

The  control  of  a  very  dexterous  manipulator,  like  the  UTAH/MIT  Dexterous  Hand  may  be 
an  extremely  complex  process.  If  a  manipulator  device  is  to  have  properties  of  dexterity, 
this  may  be  traded  off  with  the  occurrence  of  nonlinear  characteristics  such  as  hysteresis 
affecting  the  positioning  capabilities  of  the  device.  In  addition,  for  the  system  considered 
herein,  there  exists  coupling  in  the  form  of  friction  or  inertial  parameters  which  are 
physically  a  part  of  the  mechanism  under  analysis.  With  a  simple  controller  design 
consisting  of  the  negative  of  the  coupled  joint  motion  fed  directly  back  into  the  joints  that  are 
experiencing  undesired  motion,  substantial  reduction  of  this  coupling  can  be  achieved. 
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